ABSTRACT. Selecting and validating reference genes are the first steps in studying gene expression by reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR). The present study aimed to evaluate the stability of five reference genes for the purpose of normalization when studying gene expression in various cultivars of Prunus persica with different chilling requirements. Flower bud tissues of nine peach genotypes from Embrapa's peach breeding program with different chilling requirements were used, and five candidate reference genes based on the RT-qPCR that were useful for studying the relative quantitative gene expression and stability were evaluated using geNorm, NormFinder, and bestKeeper software packages. The results indicated that among the genes tested, the most stable genes to be used as reference genes are Act and UBQ10. This study is the first survey of the stability of reference genes in peaches under chilling stress and provides guidelines for more accurate RT-qPCR results.
INTRODUCTION
The peach (Prunus persica L. Batsch), one of the most important temperate fruit tree species, preceded only by apple and pear, is the species with the best genetic characterization, within the Rosaceae family.
The peach is a model fruit tree because it is economically interesting and has distinct advantages as its auto-compatible system and a short juvenile period (2 to 3 years). Moreover, this species is diploid (n = 8) and has a small genome (300 Mbp), estimated to be 0.61 pg (DNA/diploid nucleon) (Arús et al., 2012) . The complete genome sequencing on the peach was finished in 2010 (Arús et al., 2012) , and the significant amount expressed sequence tags has enabled genome and transcriptome studies in Prunus. Some studies assessing the expression of candidate genes involved in different metabolic pathways have determined which genes have important agronomic traits Vizoso et al., 2009 ). However, most of the studies about gene expression in peaches have been concerned with fruit quality and storage. In Brazil, there have been no reports of research involving gene expression in peaches.
Studies at the molecular level for low-chill requirement cultivars adapted to mild winter regions are still underexplored by peach breeding programs of Brazil. These assessments have been mostly based on the phenology of the plant (Raseira et al., 2008; Byrne, 2010) . Studies of the genes involved in the chill requirement may provide genetic tools to, more rapidly, access their trait for genetic breeding (Leida et al., 2012) . The validation of these genes and the gene expression profile in cultivars from the Embrapa's gene bank and the Embrapa peach breeding program may contribute to a better understanding of the mechanisms involved with overcoming flower bud dormancy in new cultivars.
Reverse transcriptase quantitative real-time polymerase chain reaction (RT-qPCR) is a powerful technique for measuring gene expression levels of interesting genes (Ginzinger, 2002; Bustin, 2002) due to accuracy and reproducibility (Garson et al., 2005) , which allows a straightforward comparison within different RNA abundance.
Many experimental variations compromise accurately to assess gene expression levels, such as the quality and amount of starting material, the presence of inhibitors in different sample materials, the primer design, and the RNA extraction and retrotranscription efficiencies (Andersen et al., 2004) . The first step for gene expression studies performed by RT-qPCR is to select reference genes capable of normalizing different levels of expression of the target genes. The use of one or more reference genes has been applied to approach RT-qPCR data (Hamalainen et al., 2001; Chen et al., 2011) .
Reference gene, also known as an internal control gene and housekeeping genes, should be expressed stably across various conditions, such as all development stages, and its expression is assumed to be unaffected by experimental parameters, such as doses or different temperatures (Thellin et al., 1999; Schmittgen and Zakrajsek, 2000) . Moreover, all genes involved in the same experiment should have similar ranges of expression, to become possible of being analyzed (Cappelli et al., 2008) . Reference genes are constitutively and universally expressed, and their products are necessary for cytoarchitecture or basic metabolism (Bustin, 2002; Xu et al., 2011) . However, traditional reference genes, such as Act, Tubulin, EF1-α, and GAPDH, are not always universally expressed in different cases (Glare et al., 2002; Everaert et al., 2011; Migocka and Papierniak, 2011) .
Therefore, the selection of the most stable gene or combined genes as internal controls is a critical step to control the variability between samples for quantitative relative gene expression studies, and it should be experimentally determined; otherwise it lead to erroneous gene expression profiles (Dheda et al., 2004; Tatsumi et al., 2008; Bustin et al., 2009) . A single reference gene is not universal for all experiments (Nicot et al., 2005; Borowski et al., 2014; Galli et al., 2015) .
Recently, a growing number of published articles have reflected the importance of reference genes and the need to validate them for each particular experimental model. Most of these studies have been done with plants, such as wheat (Paolacci et al., 2009) , barley (Burton et al., 2004) , rice (Kim et al., 2003; Ding et al., 2004; Jain et al., 2006) , potato (Nicot et al., 2005) , soybean (Jian et al., 2008) , grape (Reid et al., 2006) , poplar (Brunner et al., 2004) , tomato (Coker and Davies, 2003; Expósito-Rodríguez et al., 2008) , coffee (BarsalobresCavallari et al., 2009) , Arabidopsis thaliana (Czechowski et al., 2005; Remans et al., 2008) , sugarcane (Iskandar et al., 2004) , Eremosparton songoricum (Li et al., 2012) , Lolium perenne (Lee et al., 2010) , lettuce (Borowski et al., 2014) , strawberry (Galli et al., 2015) , and Salicornia europaea (Xiao et al., 2015) .
In peaches, a study was performed with tissue samples, including root, leaf, stem, flower, and fruit samples at different developmental stages, which is the only one study of reference genes performed. The genes TEF2, UBQ10, and RPII were carried out as the most suitable reference genes (Tong et al., 2009) .
Accordingly, there are no reports on the suitability of reference genes for RT-qPCR studies of the differential expression of genes under low-chill conditions in flower buds of peach cultivars. Therefore, the present study was conducted to evaluate and select the stability of five reference genes for the purpose of normalization in studying gene expression of Prunus persica cultivars with different chilling requirements.
MATERIAL AND METHODS

Plant materials
For this experiment, nine peach genotypes from Embrapa's peach breeding program were selected. These genotypes were classified according to the chill requirement as follows: high-chill requirement cultivars (Planalto, Della Nona, Chiripá, Maria Bianca, Flor da King); intermediate-chill requirement cultivars (Esmeralda); low-chill requirement cultivars (Libra, Bonão, Aurora).
Tissue harvested
Flower buds were sampled at two periods. The first sample (i.e., the control) was collected on May 21, 2013, with a 0-h chill accumulation. The second sample was collected on July 15th of the same year after 83-h chill accumulation. The data used to estimate the chilling hours, according to the model of Weinberger (1950) , were obtained from the Embrapa Temperate Climate -Agrometeorology Station (Pelotas city, Rio Grande do Sul State, Brazil). Chilling hours were counted as the number of hours below 7.2°C in the year.
The flower buds sampled were of equal weight (100 mg), frozen in liquid nitrogen, and stored in an ultra-freezer (-80°C) until the RNA isolation step.
Total RNA extraction and cDNA synthesis
The total RNA was isolated using the method described by Tong et al. (2012) , with a few modifications. RNA isolation was conducted in triplicate for each biological replicate. The RNA concentration and quality were evaluated by spectrometry using the A 260 /A 280 and A 260 /A 230 ratios in a spectrophotometer Nanovue 4282 (GE Healthcare). The total RNA (1 μg) was digested with 1 U DNase I and DNase 1 x reaction buffer (Invitrogen) before cDNA synthesis. To amplify the protein-coding traditional and novel reference genes, all the digested RNA was reverse-transcribed using the M-MLV enzyme and oligo-dT primers according to the manufacturer's instructions (Invitrogen).
Selection of peach sequences and validation of the primers
Five candidate reference genes were used in this study (Act, TEF2, RPII, UBQ10, and Tua5); these genes have been reported to be good potential candidates in previously published studies (Table 1) . The primer efficiency was tested for each primer pair using a 7500 Fast RealTime PCR system (Applied Biosystems, Life Technologies) via standard RT-qPCR to check for the size specificity of the amplicon by 2.5% agarose gel electrophoresis. 
RT-qPCR with Platynum SYBR Green qPCR SuperMix
The RT-qPCR experiments were carried out in triplicate using a7500 Fast Real-Time PCR system (Applied Biosystems, Life Technologies) and a Platynum SYBR Green qPCR SuperMix (Invitrogen, Life Technologies). The PCR volume was 10 µL, containing 1.0 µL diluted cDNA and at a concentration of 0.2 µM for each primer.
The thermocycling conditions consisted of an initial denaturation at 95°C for 5 min, followed by 40 cycles of 15 s at 95°C (denaturation), 10 s at 60°C (annealing) and 15 s at 72°C (extension/mensuration). After amplification, PCR was followed by a melting curve procedure for 60 s at 95°C with each primer pair to verify the specificity of the RT-qPCR, including a reverse-transcription negative control to check for potential genomic DNA contamination. The experiment was carried out in three biological replicates with three technical replicates, and the mean was used for RT-qPCR analysis.
Data analysis
To estimate the expression stability of the five candidate reference genes, all the amplification plots were analyzed with a threshold fluorescence value of 0.1 to obtain the amplification cycle (Cq) values using the SDS software, version 1.1 (Applied Biosystems).
The primer efficiency was determined by the LinReg PCR v7.5 software (Ramakers et al., 2003) , and the expression stability was evaluated using the geNorm (version 3.5, Vandesompele et al., 2002) and NormFinder (version 0.953, Andersen et al., 2004) software packages for Microsoft Excel and using the BestKeeper software (version 1.0, Pfaffl et al., 2004) . The RT-qPCR data were exported into an Excel data sheet (Microsoft Excel 2010), and the Ct values were calculated with the software.
Therefore, all these approaches measure and rank by different ways the reference genes stability. The geNorm software calculates the average of the pairwise variation for a candidate reference gene with each all of the other genes tested; the result is described as M value (Vandesompele et al., 2002) . Genes with high variabilities have high M values, which indicate low expression stabilities (cut-off of 1.5). The geNorm software also calculates a normalization factor for each sample and suggests the optimal number of reference genes necessary to normalize the experiment. The NormFinder software performed by ANOVA-based model considering intra-and inter-group variation of the candidate reference genes to evaluate the expression stability and provide a direct measure of the variation (Andersen et al., 2004) .
Validation of reference gene analysis
The validation experiment for primers was based on the specificity of the amplification for the five genes (Act, RPII, TEF2, Tua5, and UBQ10) selected as reference genes. The RT-qPCR amplification conditions were the same as those described above. The relative expression data were calculated according to the 2 -∆∆Ct method and were presented as foldchanges (Livak and Schmittgen, 2001) . Samples from plants under control condition (0 h chill time) were used as reference samples.
RESULTS AND DISCUSSION
Description and expression profiling of candidate reference genes
RT-qPCR has become the most popular method for the quantification of transcript accumulation and must be preceded by validated normalization to prevent variations arising from non-biological events (Borowski et al., 2014) . Questionable gene expression results occur when target genes are normalized against single reference genes without adequate justification and when non-validated reference genes are used (Bustin et al., 2009; Derveaux et al., 2010) . The purpose of these reference genes is to normalize the variations in RNA quantity and quality (Ponton et al., 2011) . This validation requires the most suitable reference gene to be chosen to normalize the results for each species and under each experimental condition (Borowski et al., 2014) .
The specificity of the candidate reference genes was confirmed by the existence of a single peak in the melting curves (Figure 1a) and by a single band with the expected size in 2.5% agarose gel electrophoresis (Figure 1b) . Within the genes assessed as reference genes, Act and UBQ10 had the most efficient primers and the best primer combination using all of the software packages, as assessed using the 7500 SDS software package (Applied Biosystems) and the LinReg PCR v7.5 software (Ramakers et al., 2003) .
Identifying the best reference genes designed for the transcription profiling of the five genes (Act, TEF2, RPII, UBQ10, and Tua5), Tong et al. (2009) showed that the gene expression tested was not stable between different samples of Prunus persica. The most stable genes were TEF2, UBQ10, and RPII for different tissues, genotypes and environmental conditions. Some studies used other genes as reference genes, including Act (Leida et al., 2010 (Leida et al., , 2012 and Tua5 (Li et al., 2009) .
In this study, the expression levels of the candidate reference genes were determined as quantification cycle (Cq) values (Figure 2 ). According to this approach, the five tested genes showed variations in their expression levels caused by applied stresses and by biological variations. The quantification cycle (Cq) ranged from 24.1 to 26.38, but the Cq of 34.1 for Tua5 showed the lowest expression, with Cq values in the range of 30 to 35. These Cq values for Tua5 can introduce a significant variation, so it was discarded as a reference gene (Pfaffl et al., 2004) .
The genes RPII, UBQ10, and Act demonstrated lower Cq variations (less than seven cycles) between the contrasting genotypes tested. This result indicated that there was no single reference gene for all tissues and all experiments in peaches. Therefore, it is extremely important to select a set of reference genes for the normalization expression under particular experimental conditions (Tong et al., 2009) .
Expression stability of all candidate reference genes under chilling requirement in peach
The expression stabilities of the candidate reference genes were determined by quantifying the mRNA levels by RT-qPCR. For each gene, we calculated the Cq value, which represents the cycle at which a significant increase of the PCR product occurs. In general, the stability is marked by the middle of the exponential phase of the amplification (Bustin, 2002) . Using three different software packages (geNorm, NormFinder, and BestKeeper) to determine the best reference genes for this experiment, the results were very similar, which indicated good accuracy.
The stability of gene expression (M) in the five reference genes was initially checked by geNorm. The program recommends using reference genes with an M value below the threshold of 1.5 (Vandesompele et al., 2002) . According to this criterium, four of the five candidate reference genes tested in this study were considered to be rather stable and presented M values lower than 1.5 (Figure 3) . The geNorm software is a Visual Basic application tool for Microsoft Excel and relies on the principle that the expression ratio of two perfect reference genes should be constant throughout different experimental conditions or cell types. The M value is defined as the average pairwise variation of an individual gene with all the other tested reference genes, whereas the variation between one reference gene and another is determined as the standard deviation of the log2-transformed expression level ratios.
The gene with the lowest M value is considered the most stable, whereas a higher value of M indicates less stable expression. The genes with the lowest M values in this study were UBQ10 and Act (M = 0.49 and 0.60, respectively).
To confirm the geNorm results, we used the NormFinder software, which performs an ANOVA-based mathematical model to estimate the intra-and inter-group variations of the candidate reference genes and, thereby, to evaluate the expression stability and provide a direct measure of variation (Andersen et al., 2004) . NormFinder identifies the optimal number of reference genes in a set of genes assessed. More stable gene expression is indicated by lower average expression stability values.
According to this approach, the gene UBQ10 was the most stable, UBQ10 and Act were the best combinations of normalizing genes, with 0.120 and 0.142 stability values, respectively, and Tua5 was the least stable gene, as was previously observed in the geNorm analysis (Figure 2 ). The differences observed between the geNorm and NormFinder results were expected because the two software programs are based on different statistical algorithms.
Despite the different results from the geNorm and NormFinder rankings, the results of the present study indicated that the peach reference genes were stably expressed and suitable for normalizing RT-qPCR expression analysis, which is in agreement with the results observed by Kulcheski et al. (2010) . However, it is important to consider that not all of the genes tested were constitutively expressed under different conditions, and the universality of these results needs to be demonstrated in other plants and under other experimental conditions.
The Bestkeeper software calculates paired correlations among all possible reference genes from the Cq values of each gene. Using this software, all genes may be included in the calculation of the BestKeeper index, which can be used to rank the best reference genes because stable reference genes show strong correlations with the BestKeeper index (Pfaffl et al., 2004) . In this experiment, the highest correlation was identified between the Act and UBQ10 genes (0.968; P = 0.001), with these two being the most suitable genes for normalization.
Therefore, the Bestkeeper, geNorm, and Normfinder software packages determined that the most stable genes to be used as reference genes, among the candidate reference genes tested, are Act and UBQ10. These two genes combined constitute the best normalization in gene expression studies involving genes of Prunus persica related to a low-chill requirement in peach flower buds.
